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Abstract 
In recent years, an increasing popularity of flexible sensor systems has been observed, which can largely be 
attributed to their ability to continuously adapt the shape to deformable bodies with non-planar surfaces 
without losing functionality. In this paper, we present a self-sensing, ultra-thin and flexible sensor array foil, 
which allows for determining its actual shape by analyzing signals from 6x6 sensors. Raw sensor signals clearly 
show the dependence from strength and direction of bending. The local bending vector is determined from 
signals of sensors oriented in different directions using rules which are already applied for strain gauge 
rosettes. The algorithm for the surface reconstruction divides the sensor foil into discrete bending segments for 
which the bending and subsequently new coordinates of segment edges are determined. A sensor diagnostics 
routine intercepts failure of the complete system due to the failure of single sensors. The functionality of the 
sensor array and the surface reconstruction is demonstrated for a foil subsequently adapting to a tube in 
different orientations. The obtained surface reconstruction clearly correlates with the visually observed 
bending. Such surface reconstruction could provide diagnostic information and potentially be used to detect 
diseases like pneumothorax. It could not only help to improve medical treatments but also to monitor the 
structural health of technical constructions.  
Keywords: surface reconstruction, topography capturing, flexible systems, systems-in-foil, sensor array, 
curvature sensing  
1 Introduction 
In recent years, there has been growing interest in capturing the surface topography of deformable objects and 
exploiting this information to establish a variety of new smart systems. This trend has led to the development 
of  topography capturing devices, which can be categorized as: self-sensing devices in which sensors are 
embedded into a deforming surface to directly measure local deformations and external-sensing devices, which 
require external sensing equipment like projectors and cameras to capture the surface deformations [1]. 
Microsoft Kinect [2] is probably the most famous vision-based external-sensing device for surface 
reconstruction. Such systems show very good surface reconstruction results but they require an undistorted 
field of view, which will suffer from any occlusions limiting their use in mobile applications. This paper focuses 
on self-sensing devices which can be distinguished on the basis of the employed shape sensing techniques. A 
simple device like Bookisheet [3] for example uses just two bending sensors to categorize discrete bend 
gestures which are used to flip through pages of an e-book. FlexRemote [4] uses 16 sensors and recognizes 
eight bend gestures to control a television. These systems are not aiming for accurate surface reconstruction. 
Other systems like ShapeTape [5], which is a long rubber tape with integrated fiber optic bend sensors and 
SensorTape [6], which is a long polyester tape with integrated accelerometer and gyroscope sensor chips are 
able to detect 3D bending and twisting of curved shapes. Such systems could be used as graphical input 
devices, for example by a CAD designer to easily enter arbitrary shapes into CAD software [5], or as a digital 
ruler to measure the shape of 3D objects [6]. A further promising application of such systems could be the 
measurement of deformations of a human backbone by attaching a flexible sensor tape directly to the skin 
[6,7] or integrating it into the clothing.  Because many people suffer from backache due to incorrect posture, 
such kind of device could directly alert people when their posture worsens. It could subsequently analyze 
collected data to identify impairing physical activities, and hence increase the user’s consciousness of healthy 
body movement. In the fast growing sector of virtual reality, applying such devices to the joints of the human 
body could become a very attractive technique for measuring  body movements and controlling virtual reality 
applications in a similar fashion as with already existing data gloves [8].  For a more complex 2.5D surface 
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reconstruction, FlexSense [1] uses 16 printed piezoelectric sensors on a thin, transparent A4-size plastic 
substrate. A pre-processing training phase on the basis of vision-based 3D ground truth measurements is used 
to infer the shape of the foil by either linear interpolation or a more sophisticated machine learning approach. 
Possible applications of such shape sensing systems could be, for example, using them as deformable 
input/output (IO) devices for digital interaction, in particular gaming [1]. 
In previous work, we have developed a thin sensor foil with strain gauge based bending sensors in a 
Wheatstone bridge configuration which provides voltage output proportional to the local bending without 
signal decay, as is typical for piezoelectric sensors and hence does not suffer from the related  sensor drift [9]. 
A detailed description of the fabrication process and the characteristics of obtained signals has already been 
provided earlier[9] . Instead of long tape-like sensors [5,6] or relatively large sized (A4) plastic substrates [1] we 
developed a rather small ultra-thin, flat polyimide foil  with a relatively high sensor density which could be 
exploited in applications focusing on smaller surface dimensions. This paper describes a newly developed 
method and algorithm to reconstruct the surface of this self-sensing flexible sensor array foil on the basis of 
bending measurements at 36 separate points. 
2 Sensor design & operation 
This chapter gives a brief overview of the sensor design, the operation principle, and the sensor array 
architecture as necessary to understand the surface reconstruction approach. Figure 1a shows a bended 
flexible sensor array consisting of 6x6=36 single sensor elements with alternating orientations in four different 
directions (s0, s45, s90, s135), as indicated in Figure 1b. Each sensor element itself consists of four metal strain 
gauges in a configuration illustrated by the 3D-CAD drawing in Figure 1c. The appropriate electrical connection 
to a full Wheatstone bridge is shown in Figure 1d. To achieve a better sensitivity we designed so called 
“double-sided” sensor elements by placing two resistors on the top side (R2, R3) and the two others (R1, R4) on 
the bottom side of the foil substrate. 
 
Figure 1: (a) Hand-bended 6x6 sensor array, (b) illustration and definition of sensor orientations  (𝐬𝟎, 𝐬𝟒𝟓, 𝐬𝟗𝟎, 𝐬𝟏𝟑𝟓), 
within the 6x6 array structure, (c) illustration of the double-sided sensor design, (d) schematic illustration of 
implemented full Wheatstone bridge configuration. 
Bending of the sensor foil over an axis with the bending radius r and the orientation angle 𝛼 according to Figure 
1c would lead to an elongation of resistors on one surface and to a compression of the resistors on the 
opposite surface. This bending leads to an output signal 𝑉𝑜𝑢𝑡(𝛼, 𝑟), which is a function of the bending radius 𝑟 
and the bending orientation angle 𝛼 but also depends on the Wheatstone bridge supply voltage 𝑉𝑖𝑛 (in our case 
3.3 V) and the interlayer thickness ℎ (in our case 11.5 µm) between top and bottom sensor layers. For purely 
longitudinal deformation of the resistors (𝛼 = 0°) we achieved output signals as: 
𝑉𝑜𝑢𝑡(0°, 𝑟) = 𝑉𝑖𝑛 ∙
ℎ
𝑟
      (1) 
For bending orientations at 𝛼 ≠ 0° a reduced signal  Vout (𝛼, 𝑟) is obtained as: 
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𝑉𝑜𝑢𝑡 (𝛼, 𝑟) = 𝑉𝑜𝑢𝑡(0°, 𝑟) ∙ [
(1+𝑞)
2
+
(1−𝑞)
2
∙ cos(2𝛼)]    (2) 
Factor q represents the transversal sensitivity of a strain gauge, which for our sensor was experimentally 
determined to be q=0.3 (+/-0,05).  This relation, which is equivalent to one applied for conventional strain 
gauge rosettes  for determining the three components of an in-plain strain [10], is plotted in Figure 2.  
Measurements obtained with two different sensors are in good agreement with Eq. (2). 
 
Figure 2: Diagram showing the sensor output reduction 
𝑽𝒐𝒖𝒕(𝜶,𝒓)
𝑽𝒐𝒖𝒕(𝟎°,𝒓)
 as function of bending orientation angle α. The dashed 
line represents Eq. 2, whereas the data points are experimentally obtained from two different sensors 
With the aid of the signals from three sensors in different orientations Vs0, Vs45, Vs90, the bending angle 𝛼 can 
be determined unambiguously as follows [10]: 
(1) If 𝑉𝑠90 < 𝑉𝑠0     -> α =
1
2
𝑡𝑎𝑛−1(
2∙𝑉𝑠45−𝑉𝑠90−𝑉𝑠0
𝑉90−𝑉0
) 
(2) If 𝑉𝑠90 > 𝑉𝑠0     -> α =
1
2
𝑡𝑎𝑛−1 (
2∙𝑉𝑠45−𝑉𝑠90−𝑉𝑠0
𝑉𝑠90−𝑉𝑠0
) + 90 ° 
(3) If 𝑉𝑠90 = 𝑉𝑠0 and 𝑉𝑠45 < 𝑉𝑠90   -> α = −45° 
(4) If 𝑉𝑠90 = 𝑉𝑠0 and 𝑉𝑠45 > 𝑉𝑠90   -> α = +45° 
Figure 3 illustrates the sensor array response by bending the foil in an S-shape (left). The dependence between 
sensor orientation and signal amplitudes, as well as the change of bending polarity by the switch of the signal 
sign from positive to negative values can be seen (right).  
 
Figure 3: Illustration of sensor operation: S-shape bending (left), resulting raw sensor signals in a bar chart presentation 
(right) 
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Sensor signals are processed using home-built electronics, shown in Figure 4, consisting of two main parts; a 
multiplexing PCB and a controller PCB which are connected via HDMI.   
 
Figure 4: Sensor array with evaluation electronics 
The multiplexing PCB is directly connected to the sensor array and converts the incoming 72 analog sensor 
signals to only 2 analog signals for the controller PCB, where the signal is processed (offset compensation, 
amplification, low-pass filtering, digitalization) and subsequently sent to a PC via USB connection for the final 
data processing and visualization using MATLAB software. 
3 Principle of surface reconstruction 
All 36 sensors 𝑆𝑖𝑗(𝑥𝑖𝑗 , 𝑦𝑖𝑗 , 𝑧𝑖𝑗), (𝑖 = 1 … 6 ; 𝑗 = 1 … 6) are placed in a 3D Cartesian coordinate system. Initially 
(before bending), all sensors are located in the z=0 plane, evenly spaced with a distance of 1 and the 
coordinates 𝑆𝑖𝑗(𝑖 − 3.5, 3.5 − 𝑗, 0), as seen in  Figure 5.  
 
Figure 5: Arrangement of sensors 𝑺𝒊𝒋 (𝒙𝒊𝒋, 𝒚𝒊𝒋, 𝒛𝒊𝒋), in a 3D Cartesian coordinate system with the definition of bending 
axis and bending orientation angle α relative to the sensor array.  
The reconstruction algorithm is simplified by permitting only one bending axis for the complete sensor array, 
which reflects the fact that the sensor foil is bendable but not stretchable. The anchor point for the bending 
axis is the origin of the coordinate system (see Figure 5). The bending axis divides the sensor array in two 
halves for which the surface reconstruction is analogous.  
With the knowledge of bending angle 𝛼 we are able to divide the sensor array in to discrete bending segments 
with the length l(𝑛),  (𝑛 = 1 … 𝑁 𝑤𝑖𝑡ℎ 6 ≤ 𝑁 ≤ 36), as shown in Figure 6. 
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Figure 6: Division of the sensor array into discrete bending segments with the length 𝒍(𝒏)   
The bending segments can be identified based on the shortest (perpendicular) distance 𝐿𝑆(𝑖𝑗)(𝑥, 𝑦, 𝛼),   
between the bending axis and each sensor point as: 
𝐿𝑆(𝑖𝑗)(𝑥, 𝑦, 𝛼) = 𝑥 ∗ sin(𝛼) + 𝑦 ∗ cos (𝛼)   (3) 
In the next step, 𝐿𝑆(𝑖𝑗) with identical values are gathered whereby a monotonically increasing projection 
sequence is obtained as 𝐿(1), … , 𝐿(𝑁), (6 ≤ 𝑁 ≤ 36), which allows us to calculate the length of each bending 
segment 𝑛 as: 
𝑙(𝑛)  = 𝐿(𝑛) − 𝐿(𝑛−1), (𝑛 = 1 … 𝑁, L(0) = 0)   (4) 
The bending radius 𝑟(𝑛), in dependence of the measured output signal 𝑉𝑜𝑢𝑡(𝛼, 𝑟),  can be calculated via Eq. 1 
and Eq 2 as:  
𝑟(𝑛) = 𝑉𝑖𝑛 ∙
ℎ
𝑉𝑜𝑢𝑡(𝛼,𝑟)
∙ [
(1+𝑞)
2
+
(1−𝑞)
2
∙ 𝑐𝑜𝑠(2𝛼)]   (5) 
However, for sensor signals with orientations other than 𝑉𝑠0, the bending orientation angle 𝛼 for Eq. 6 has to 
be adapted as illustrated in Figure 7. 
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Figure 7: Sketch of sensor orientations relative to the bending angle α  
Finally, we can introduce the surface reconstruction model on the basis of geometric relations between the 
parameters α, 𝑙(𝑛) and 𝑟(𝑛), as seen in  Figure 8. 
 
Figure 8: Schematic illustration of the surface reconstruction principle with appropriate geometrical definitions for 
calculating displacements of sensor notes in z-direction 𝜟𝒛(𝒏) (left) and in x/y directions 𝜟𝒙(𝒏), 𝜟𝒚(𝒏) (right) 
The bending induced displacements (𝛥𝑥(𝑛), 𝛥𝑦(𝑛), 𝛥𝑧(𝑛)) for all sensors placed at distance l(n) from the 
bending axes can be calculated as: 
𝛥𝑥(𝑛) = 𝑏(𝑛) ∗ 𝑠𝑖𝑛(𝛼)      (6) 
𝛥𝑦(𝑛) = 𝑏(𝑛) ∗ 𝑐𝑜𝑠(𝛼)      (7) 
𝛥𝑧(𝑛) = 𝑐(𝑛) ∗ 𝑠𝑖𝑛(∑ 𝛽(𝑛)
𝑁
𝑛=1 )      (8)  
with help of the following geometrical relations, also displayed in Figure 8: 
𝑏(𝑛) = 𝑙(𝑛) − 𝑎(𝑛)       (9) 
𝑐(𝑛) = 2𝑟(𝑛) ∗ 𝑠𝑖𝑛(𝛽(𝑛))      (10) 
𝑎(𝑛) = 𝑐(𝑛) ∗ 𝑐𝑜𝑠( ∑ 𝛽(𝑛)
𝑁
𝑛=1 )      (11) 
2𝛽(𝑛) =
𝑙(𝑛)
𝑟(𝑛)
       (12) 
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The transformation from 𝑆𝑖𝑗  in planar state to the final coordinates 𝑆′𝑖𝑗  in the bended foil can be described as: 
𝑆𝑖𝑗(𝑥𝑖𝑗 , 𝑦𝑖𝑗 , 𝑧𝑖𝑗)      ->  𝑆′𝑖𝑗(𝑥𝑖𝑗 + ∑ 𝛥𝑥(𝑛) 
𝑁
𝑛=1 , 𝑦𝑖𝑗 + ∑ 𝛥𝑦(𝑛)
𝑁
𝑛=1 , 𝑧𝑖𝑗 + ∑ 𝛥𝑧(𝑛)
𝑁
𝑛=1 ) 
using the previously made assignment of number pairs (𝑖, 𝑗) with (𝑖 = 1 … 6 ; 𝑗 = 1 … 6) to numbers 𝑛 
 (𝑛 = 1 … 𝑁). The visualization of the reconstructed three-dimensional surface is obtained using the MATLAB 
function surf(𝑥𝑖𝑗 , 𝑦𝑖𝑗 , 𝑧𝑖𝑗) . 
Even prior to the described surface reconstruction, we applied a sensor diagnosis to also handle rare cases of 
single dysfunctional sensors. For this aim, we distinguished between three kinds of sensor neighborhoods 
according to their position (sidewall, central and corner), as seen in Figure 9, and calculate a mean value 𝑉𝑚    
from the signals of a sensor and its neighbors. If the considered sensor signal exceeds the interval 0.7 ∗ 𝑉𝑚 −
1.3 ∗ 𝑉𝑚, it gets substituted by the mean value 𝑉𝑚. Although such kind of interpolation leads to a slight 
deviation from correct surface reconstruction, it prevents a failure of the complete system and renders it 
robust against failures of single sensors.      
 
Figure 9: Definition of neighborhoods for three kinds of sensor positions (sidewall, central and corner)    
An overview of the complete surface reconstruction process in the form of a flow chart is outlined in Figure 10.  
 
Figure 10: Flow chart presentation of the surface reconstruction process  
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4 Results and discussion 
To demonstrate the functionality of the sensor foil array and the surface reconstruction method, we applied 
three different kinds of bending as illustrated in the photographs shown in Figure 11 (left column).  Also, the 
raw sensor output signals (middle column) and the final surface reconstruction results (right column) are 
shown. The bending was applied by twisting the sensor foil over a glass test tube with a radius of 7.5 mm. The 
output signal was amplified 200 times.  
 
Figure 11: Results of surface reconstruction (right column) shown by bending the 6x6 sensor array (bending radius 
r=7.5mm) in three different modes (bending along sensor foil edge (top left), diagonal bending (middle left) and S-shape 
bending (bottom left)) with 3D bar chart representation of raw sensor signal (middle column).   
Raw sensor signals clearly showed the dependence between sensor orientations according to Figure 1b and 
signal heights. For a bending axis parallel to the sensor foil edge, alternating heights of the raw sensor signals 
are evident in Figure 11 (top row). Diagonal bending provided almost identical output signals because vertically 
(𝑠0) and horizontally (𝑠90) orientated sensors received the same bending vector relative to their sensor axis 
(middle row). Only the two diagonally orientated sensors 𝑠45 received a bending in the longitudinal direction 
and therefore provided a higher output signal. The two other diagonally orientated sensors 𝑠135 received a 
bending in transversal direction and accordingly showed a lower output signal. For the S-shaped bending, the 
switch in bending polarity between the two halves of the sensor array could be clearly seen by the switch in the 
signal sign from positive to negative values (bottom row). The surface reconstruction results, as displayed in 
the right column, reflect the appropriate bending shapes seen in the left column. They are generated at a 
bending radius of 7.5 mm, providing high output signals. However, the higher the bending radius, the smaller 
the output signals, which in turn leads to more inaccurate surface reconstruction results. Smaller sensor signals 
are much more influenced by sensor noise, which was earlier determined to be +/- 10 mV (at 200x 
amplification)[9] . According to Eq. 1, this noise correlates to a variation in bending radius of +/− 759 mm. 
Sensor noise might be decreased by improving the electromagnetic compatibility of the sensor array (in 
example by covering the complete sensor array with a thin conductive shield layer). The sensor signal might be 
increased by increasing the interlayer thickness ℎ (currently 11.5 µm) which, according to Eq. 1, has a direct 
influence on sensor sensitivity. A slightly thicker sensor foil would probably also be more shape-retaining and 
hence provide more precisely defined bending radii. A more stable detection of the bending orientation angle 
𝛼 could already be achieved by using mean values of multiple sensors for each of the required sensor signals 
𝑉𝑠0, 𝑉𝑠45, 𝑉𝑠90. The diagnosis of dysfunctional sensors worked very well for isolated broken sensors with 
functioning neighboring ones.  However, if more than two neighbored sensors are dysfunctional, the currently 
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applied sensor diagnosis and data repair is not sophisticated enough for accurate surface reconstruction and 
must be improved in future work.  
5 Summary and outlook 
A new method to reconstruct the surface of a flexible sensor array foil was introduced based on the signals of 
6x6 integrated bending sensors and basic geometric relations in order to calculate the coordinates of each 
sensor after deformation. The current reconstruction algorithm was able to detect a single bending axis for the 
whole sensor foil by using plausibility considerations similar to the rules for resolving ambiguities as applied to 
strain gauge rosettes in structural health monitoring. The shown surface reconstruction results were largely in 
agreement with the applied bending shape, and the applied sensor diagnosis procedure was able to substitute 
signals of individual dysfunctional sensors with interpolated values. This guaranteed surface reconstruction 
even if single sensors did not work properly. With increasing bending radii, the surface reconstruction results 
became increasingly incorrect. This behavior is mainly influenced by sensor noise at low signal amplitudes 
which can be improved in future work by implementing electromagnetic shielding and increasing interlayer 
thickness. Future work with regard to the detection of more than one bending axis will allow more 
sophisticated surface reconstruction. Thus, the sensor array could, for example, be divided into four segments 
with potentially different bending axes, which would already allow independent determination of corner 
bends. A further segmentation would allow even more complex surface reconstruction, but would also need 
even more sophisticated reconstruction algorithms to patch the segments. A remedy could be provided by 
using different interpolation methods such as those already implemented in the MATLAB function “griddata”. 
The sensor design could also be improved by integrating two sensor elements of different orientations at one 
sensor node, which would allow a much more accurate detection of the bending angle. Careful evaluation of 
the surface reconstruction results and correlation with bending shape obtained by other means would be 
required for future work.  
One of the potential applications is using the sensor foil as a respiratory monitoring tool by attaching it to the 
skin of a premature infant and measuring the foil bending induced by the body deformation between the 
thorax and abdomen [9]. Primarily, a trigger signal for the respiration device should be generated from the 
sensor signals. However, a surface reconstruction as addressed by this paper could also provide diagnostic 
information and help to further improve the medical treatment. This completely new information could be 
used, for example, to detect diseases like pneumothorax [11] which disables lung expansion. Another 
imaginable application could be found in structural health monitoring to measure the bending of various 
constructions.  
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